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(57) Provided are an optical transmission line in- 
cluding a connected part of the optical fibers having dif- 
ferent refractive index profiles, wherein at least one of 
the optical fibers has a hollow region, and a method for 
connecting such optical fibers, wherein connection loss 
in a connection of such optical fibers is reduced. In the 
case of connecting an optical fiber 1 , which does not 
have a hollow region and which consists of a core region 
3 and a cladding region 4, and an optical fiber 2, which 
consists of a hollow core region 5 and a cladding region 
6 having a plurality of refractive index variation parts 7 



which extend along optical fiber 2, matching oil M is first 
injected into the connecting end portion of the hollow 
core region 5 to be connected with the optical fiber 1 . 

The matching oil M is a substance that has a 
matched refractive index greater than the refractive in- 
dex of the material which forms the cladding region 6. 
Subsequently, one end portion of the optical fiber 1 and 
the connecting end portion of the optical fiber2, wherein 
the matching oil M is injected, are inserted into the glass 
pipe 8, and the optical fiber 1 and the optical fiber 2 are 
connected. 



FIG. 1 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 5 

[0001] The present invention relates to an optical 
transmission line including a connected part of optical 
fibers and a method of connecting optical fibers at least 
one of which has a hollow region. 10 

Description of the Background Art 

[0002] Japanese patent 3072842 discloses a single- 
mode optical fiber having a core which is hollow (hollow 15 
core) and a cladding which is provided around the core 
and which has a photonic band gap structure, such that 
light propagates by means of the Bragg reflection from 
the diffraction grating. 

[0003] The optical fiber is occasionally connected with 20 
a usual optical fiber having a core whose refractive index 
is greater than the refractive index of the cladding, for 
the purpose of optical communication or light signal 
processing. Because of the difference in the mechanism 
for guiding light between a usual optical fiber and an op- 25 
tical fiber having a hollow core, the field intensities of 
the propagated light are substantially different. Accord- 
ingly, the connection loss increases in the case in which 
their connection is made only by butting the optical fiber 
having a hollow core and the usual optical fiber. How- 30 
ever, in the disclosure of the Japanese patent, no con- 
sideration is given at all with respect to connection. 

SUMMARY OF THE INVENTION 

35 

[0004] An object of the present invention is to reduce 
connection loss in a connection of optical fibers having 
different refractive index profiles, at least one of which 
has a hollow region. 

[0005] In order to achieve such object, an optical 40 
transmission line includes a connected part which is pro- 
vided for connecting a first optical fiber having a first 
core region and a first cladding region with a second op- 
tical fiber having a second core region and a second 
cladding region, wherein either or both of the second 45 
core region and the second cladding region has a hollow 
region which extends along the second optical fiber and 
the connected part of the hollow region is provided with 
a refractive index matched substance the refractive in- 
dex of which is greater than that of the hollow region, so 
Here, "a refractive index matched M means "a refractive 
index is adjusted to become approximately equal to the 
refractive index of the silica glass". 
[0006] In one embodiment, the cross -sectional area 
of the substance on a plane which is perpendicular to 55 
the longitudinal axis of the second optical fiber may de- 
crease continuously as it is more distanced from the 
connected end face of the second optical fiber. The sub- 



stance may be liquid. The liquid may be hardened after 
the connection work. The hardened substance may also 
be filled between the connected end of the first optical 
fiber and the connected end of the second optical fiber. 
The connected part may be provided with a member for 
reinforcing the connection. 

[0007] A connecting method is also provided for con- 
necting the first optical fiber and the second optical fiber 
in an optical transmission line, in which method a refrac- 
tive index matched substance having a refractive index 
which is greater than that of the hollow region is put in 
the connecting end portion of the hollow region of the 
second optical fiber connected with the first optical fiber. 
[0008] The present invention is further explained be- 
low by referring to the accompanying drawings. The 
drawings are provided solely for the purpose of illustra- 
tion and are not intended to limit the scope of the inven- 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] Figure 1 is a sectional view showing a connect- 
ed part of optical fibers in an optical transmission line 
according to a first embodiment of the present invention. 
[001 0] Figure 2 is a sectional view taken along the line 
ll-ll of Fig. 1. 

[0011] Figures 3A through 3C show a method for con- 
necting the two optical fibers of Fig. 1 . 
[0012] Figures 4A through 4C show the refractive in- 
dex profiles of the two optical fibers of Fig. 1 . Figure 4A 
shows a refractive index profile of an optical fiber 1 , Fig. 
4B shows that of an optical fiber 2 in the state illustrated 
in Fig. 3A, and Fig. 4C shows that of the connected end 
face of the optical fiber 2 in the state illustrated in Fig. 
3C. 

[0013] Figures 5A through 5E show other methods for 
connecting the two optical fibers of Fig. 1. 
[0014] Figure 6 shows asectional view of aconnected 
part of optical fibers in an optical transmission line ac- 
cording to a second embodiment of the present inven- 
tion. 

[0015] Figure 7 is a sectional view taken along the line 
VII-VII of Fig. 6. 

[0016] Figures 8A through 8C show the refractive in- 
dex profiles of the two optical fibers of Fig. 6. Figure 8A 
shows the refractive index profile of the optical fiber 1 , 
Fig. 8B shows that of optical fiber 2 taken along the line 
VII-VII in Fig. 6, and Fig. 8C shows that of optical fiber 
2 taken along the line VIII-VIII in Fig. 6. 

DETAILED DESCRIPTION OF THE INVENTION 

[0017] Embodiments of the present invention are ex- 
plained below by referring to the accompanying draw- 
ings. In the drawings, the same number bears the same 
sign to avoid duplicate explanation. The ratios of the di- 
mensions in the drawings do not necessarily coincide 
with the explanation. 
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[001 8] First, a first embodiment of the present inven- 
tion of a connected part of optical fibers in an optical 
transmission line will be explained. Figure 1 is a section- 
al view showing the embodiment. In this embodiment, 
an optical fiber 1 and an optical fiber 2 are connected. s 
[0019] The optical fiber 1 is an optical silica glass fiber 
that does not include a hollow region and consists of a 
core region 3 and a cladding region 4 surrounding the 
core region. The core region 3 is doped with Ge0 2 and 
the like, and the refractive index of the core region 3 is 10 
greater than that of the cladding region 4 (Fig. 4A). In 
the optical fiber 1, incident light is confined to the core 
region 3 by a refractive index difference between the 
core region 3 and the cladding region 4 and propagates 
through the optical fiber 1 . 15 
[0020] The optical fiber 2 consists of a core region 
having a hollow structure (hereinafter, the "hollow core 
region") 5 and a silica glass cladding region 6 which is 
formed around the hollow core region 5, and the refrac- 
tive index of the hollow core region 5 is smaller than that 20 
of the cladding region 6 (Fig. 4B). The outer diameter 
(the outer diameter of the cladding region 6) of the op- 
tical fiber 2 is 125 \im which is the same as that of the 
optical fiber 1 . The outer diameter of the hollow core re- 
gion 5 is equal to that of the core region 3. 25 
[0021] A plurality of refractive index variation parts 7 
which are radially arranged in the section of the cladding 
region 6 as shown in Fig. 2 extend along the optical fiber 
2. The refractive index variation parts 7 afford periodic 
modulation to the refractive index of the cladding region 30 
6. The refractive index variation part 7 may be a cavity 
or made of a rod that is doped with a dopant having a 
given refractive index and embedded in the cladding re- 
gion 6. Of the light that is incident on the optical fiber 2, 
light with a specific wavelength is selectively confined 35 
to the hollow core region 5 by the Bragg reflection from 
the cladding region 6 and propagates therethrough. Us- 
ing the optical fiber 2 results in a reduction of the influ- 
ence of nonlinear optical effect and a large variation of 
waveguide dispersion. 40 
[0022] Referring to Figs. 3A through 3C a process for 
connecting the optical fiber 1 and the optical fiber 2 will 
be explained in the following. 

[0023] First, the optical fibers 1 and 2 are prepared 
(Fig. 3A). Then, matching oil M is injected into the end 45 
portion of the hollow core region 5 on the side to be con- 
nected with the optical fiber i (Fig. 3B). The matching 
oil M is a substance having a refractive index which is 
greater than that of a medium forming the cladding re- 
gion 6. The refractive index of the matching oil M is such so 
that the power distributions of the light at the respective 
connected end faces of the optical fibers 1 and 2 be- 
come approximately equal. For example, the relative re- 
fractive index difference between the matching oil M and 
the material of the cladding region 6 is in the range of 55 
0.3 to 0.5%. 

[0024] In this embodiment, since the liquid matching 
oil M is used as a substance whose refractive index is 



matched, it is easy to inject the substance having a 
matched refractive index into the hollow core region 5, 
At the time when the matching oil M has been injected 
into the end portion of the hollow core region 5, it has 
some degree of viscosity and hence it is maintained as 
it is at the end portion of the hollow core region 5. At that 
time, due to the surface tension of the matching oil M, 
the cross-sectional area of the matching oil M on a plane 
which is perpendicular to the longitudinal axis of the op- 
tical fiber 2 decreases continuously as it is more dis- 
tanced from such connecting end of the optical fiber 2 
as to be connected with the optical fiber 1 . 
[0025] Next, one end portion of the optical fiber 1 and 
the end portion of the optical fiber 2 into which the 
matching oil M has been injected are inserted into a 
glass pipe 8 that is used as a reinforcement member, 
and the end face of the optical fiber 1 and the end face 
of the optical fiber 2 are butted together each other (Fig. 
3C). Thus, the matching oil M filled in the end portion of 
the hollow core region 5 contacts the end face of the 
core region 3. Preferably, the glass pipe 8 is made of a 
material which has a coefficient of linear expansion 
equal to or smaller than that of silica glass. The internal 
diameter of the glass pipe 8 is about 127^im. 
[0026] Subsequently, the two end portions of the 
glass pipe 8 and the optical fibers 1 and 2 are fixed to- 
gether with an adhesive 9, or the like. Accordingly, the 
optical fibers 1 and 2 are firmly connected together and 
their disconnection is prevented. Also, using the glass 
pipe 8 facilitates performing the connection work of op- 
tical fibers 1 and 2. 

[0027] Consequently, despite the differences in the 
mechanism for guiding light between the optical fibers 
1 and 2 as described above, the refractive indices of the 
connected end faces of optical fibers 1 and 2 become 
approximately coordinated. That is, before the matching 
oil M is injected to the hollow core region 5, at the end 
face of the optical fiber 2 that is to be connected with 
the optical fiber 1 , the refractive index of the hollow core 
region 5 has an equivalent refractive index profile which 
is smallerthan the refractive index of the cladding region 
6, as shown in Fig. 4B. On the other hand, when the 
matching oil M is injected into the hollow core region 5, 
at the end face of the optical fiber 2 that is connected 
with the optical fiber 1 , the refractive index of the hollow 
core region 5 has an equivalent refractive index profile 
which is greater than the refractive index of the cladding 
region 6 as shown in Fig. 4C. Consequently, the coor- 
dination of the power distribution of the light at the con- 
nected end faces of the optical fibers 1 and 2 are im- 
proved. Accordingly, the connection loss of the optical 
fibers 1 and 2 is reduced. 

[0028] Moreover, since the cross-sectional area of the 
matching oil M on a plane which is perpendicular to the 
longitudinal axis of the optical fiber 2 decreases contin- 
uously as it is more distanced from the end of the optical 
fiber 2 connected to the optical fiber 1 , in accordance 
with which the refractive index profile of the hollow core 
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region 5 gradually changes. Consequently, an increase 
in loss due to rapid changes of the refractive index pro- 
file of the hollow core region 5 is restrained. 
[0029] Also, since the core region 3 is formed of silica 
glass and the hollow core region 5 consists of gas, mere- s 
ly butting the optical fiber 1 and the optical fiber 2 causes 
a significant difference in refractive indices at the inter- 
face of the connection between the core region 3 and 
the hollow core region 5, and the reflection of light at the 
connected end faces of the optical fibers 1 and 2 in- 10 
creases. On the other hand, in the present embodiment, 
since refractive indices of the core region 3 and the hol- 
low core region 5 are made approximately equal at their 
connected end faces by the matching oil M injected into 
the hollow core region 5, the reflection of light at the con- *5 
nected end faces of the optical fibers 1 and 2 also is 
reduced. 

[0030] Another method for connecting the optical fiber 
1 and the optical fiber 2 will be explained with reference 
to Figs. 5A through 5E. First, the optical fibers 1 and 2 20 
are prepared (Fig. 5A). Next, one end portion of the op- 
tical fiber 1 is inserted into a glass pipe 8 (Fig. 5B). 
[0031] Then, in a state in which the opening of the 
glass pipe 8 is turned up, an ultraviolet-curable resin S 
is injected into the glass pipe 8 from the opening of the 25 
glass pipe 8 (Fig. 5C). The ultraviolet -curable resin S 
collects onto the end face of the optical fiber 1 . The ul- 
traviolet-curable resin S is a refractive index matched 
substance whose refractive index is greater than that of 
the material forming the cladding region 6 of the optical 30 
fiber 2. The refractive index of the ultraviolet-curable 
resin S is also such a refractive index as to allow the 
power distributions of light to become approximately 
equal to each other at the connected end faces of the 
optical fibers 1 and 2. 35 
[0032] Subsequently, one end portion of the optical 
fiber 2 is inserted into the opening of the glass pipe 8 
such that the end faces of the optical fibers 1 and 2 are 
butted. Consequently, the ultraviolet-curable resin S is 
injected into the hollow core region 5 at and near the 40 
connecting end faces of the optical fibers 1 and 2 (Fig. 
5D). 

[0033] At this stage, the ultraviolet-curable resin S is 
not yet hardened, and can be put into the hollow core 
region 5 easily. Atthe same time, ultraviolet-curable res- 
in S is also filled between the cladding region 4-and the 
cladding region 6. Because of the surface tension of the 
ultraviolet-curable resin S, the cross-sectional area of 
the uftraviolet-curable resin S on a plane that is perpen- 
dicular to the hollow core region 5 decreases continu- so 
ously as it is more distanced from the connecting end 
portion. 

[0034] Subsequently, ultraviolet rays are irradiated 
from outside the glass pipe 8 to the connecting portions 
of the optical fibers 1 and 2 so as to harden the ultravi- 55 
olet-curable resin S. Then, the end portions of the glass 
pipe 8 and the fibers 1 and 2 are fixed with an adhesive 
9 (Fig. 5E). As the ultraviolet — curable resin S hardens, 
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the properties of the resin S stablizes, and the optical 
fibers 1 and 2 are more firmly connected together, and 
the fiber characteristics after connection are more stably 
maintained. 

[0035] Next, a second embodiment of a connected 
part of optical fibers in an optical transmission line ac- 
cording to the present invention will be explained. Figure 
6 shows a sectional view of a connected part of optical 
fibers according to the present embodiment. The con- 
nected part of optical fibers according to the present em- 
bodiment is concerned with a connection between an 
optical fiber 1 and an optical fiber 12. 
[0036] The optical fiber 12 is formed of silica glass, 
and consists of a core region 13 and a cladding region 
14 that surrounds the core region. The core region 13 
is doped with a dopant such as Ge0 2> and the refractive 
index of the core region 13 is greater than that of the 
cladding region 14 (Fig. 8B). 

[0037] A plurality of hollow regions 15 which extend 
along the optical fiber 12 are formed around the core 
region 13 in the cladding region 14 as shown in Fig. 7. 
A reduction of the influence of a nonlinear optical effect 
and a large variation of the waveguide dispersion be- 
come possible by forming such hollow regions 15 in the 
cladding region 14. 

[0038] The optical fiber 1 2 is connected to the optical 
fiber 1 by a method using matching oil M as shown in 
Fig. 6. That is, the matching oil M is injected into hollow 
regions 1 5 at the connecting end portion to be connect- 
ed with the optical fiber 1 . The refractive index of this 
matching oil M is approximately equal to the refractive 
index of a medium that forms the cladding region 14. 
Subsequently, one end portion of the optical fiber 1 and 
the end portion of the optical fiber 1 2 where the matching 
oil M is injected are inserted into the glass pipe 8 such 
that the end faces of the optical fibers 1 and 1 2 are butt- 
ed. Consequently, the matching oil M filled in the con- 
necting end portion of the hollow regions 15 contacts 
the connecting end face of the cladding region 4. 
[0039] The connection between the optical fibers 1 
and 12 may be performed by a method shown in Figs. 
5A through 5E using the ultraviolet-curable resin S. Al- 
so, the refractive index of the matching oil M is accept- 
able if it is greater than that of the hollow region 15. 
[0040] As a result of connecting the optical fibers 1 
and 12, the equivalent refractive index profile of the op- 
tical fiber 1 2 at the end face connected with the optical 
fiber 1 becomes approximately equal to the refractive 
index profile (Fig. 8A) of optical fiber 1 as shown in Fig. 
8C. Accordingly, the power distribution of light at the 
connected end faces of the optical fibers 1 and 12 be- 
comes approximately equal, and the connection loss of 
the optical fibers 1 and 12 is reduced. 
[0041] The present invention is not limited to the 
above embodiments. For example, the present inven- 
tion can be applied to a connection between an optical 
fiber having a hollow core region and an optical fiber 
having hollow regions only in the cladding region. Fur- 
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thermore, it is possible to apply the present invention to 
a connection between optical fibers each having a hol- 
low core region, and also to a connection between op- 
tical fibers each having hollow regions only in the clad- 
ding region. 



Claims 



1. 



2. 



An optical transmission line including a connected 
part where a first optical fiber and a second optical 
fiber are connected, the optical transmission line 
being characterized in that: 

the first optical fiber has a first core region and 
a first cladding region; 

the second optical fiber has a second core re- 
gion and a second cladding region; 
a hollow region which extends along the sec- 
ond optical fiber is formed in at least one of the 
second core region or the second cladding re- 
gion; and 

a refractive index matched substance having a 
refractive index which is greater than the refrac- 
tive index of the hollow region is contained in a 
portion of the hollow region at the connected 
part between the first optical fiber and the sec- 
ond optical fiber. 

An optical transmission line including a connected 
part according to claim 1, wherein the cross-sec- 
tional area of the substance on a plane which is per- 
pendicular to the longitudinal axis of the second op- 
tical fiber decrease continuously as it is more dis- 
tanced from the connected end face of the second 
optical fiber. 
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9. 



the second core region has a hollow structure; 

and 

the refractive index of the substance is equal 
to or greater than that of the medium which forms 
the second cladding region. 

An optical transmission line including a connected 
part according to claim 1 , wherein a plurality of hol- 
low regions are formed in the second cladding re- 
gion around the second core region. 

An optical transmission line including a connected 
part according to claim 1 , wherein the first optical 
fiber and the second optical fiber are formed of silica 
glass. 



10. A method of connecting optical fibers wherein: 

a first optical fiber having a first core region and 
a first cladding region and a second optical fiber 
having a second core region and a second clad- 
ding region are prepared; 
one or more hollow regions which extend along, 
the second optical fiber is formed in at least one 
of the second core region or the second clad- 
ding region; 

a refractive index matched substance having a 
refractive index which is greater than the refrac- 
tive index of the hollow region is contained in a 
portion of the hollow region at the connected 
part between the first optical fiber and the sec- 
ond optical fiber; and 

the first optical fiber and the second optical fiber 
are connected. 



7. 



An optical transmission line including a connected 
part according to claim 1 , wherein the substance is 
liquid. 40 

An optical transmission line including a connected 
part according to claim 1 , wherein the substance is 
in a liquid state at the time of connection work and 
is hardened thereafter. 45 

An optical transmission line including a connected 
part according to claim 4, wherein the hardened 
substance is also filled between the connected end 
of the first optical fiber and the connected end of the so 
second optical fiber. 

An optical transmission line including a connected 
part according to claim 1, wherein the connected 
part is provided with a reinforcement member. 55 

An optical transmission line including a connected 
part according to claim 1 , wherein 
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FIG.4A 



FIG.4B 




FIG.4C 
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